The amplitude and phase of the spin echo signal in bulk metallic material after a -T-/?2o (a) pulse sequence has been calculated in the case of spin 7=3/2, 5/2, 7/2, 9/2, for different ratios of the sample thickness to the skin depth. Optimal values for /?10, ß20 and a are obtained in the sense that the echo signal is maximized. These optimal values depend again on the spin 7 and the relative sample size. The theoretical results compare reasonably well with experiments, performed on 63Cu in copper foils of different size.
I. Introduction II. Echo Formation by a /?10 -r -ß 20 (a)Sequence NMR in metals has attracted much attention during the last two decades of NMR history. Since the skin effect leads to an attenuation and phase shifting of the applied rf-field, the cw NMR signal is a linear combination of the absorption and the dispersion part of the nuclear susceptibility, where the coefficients depend on the sample size relative to the skin depth 2. Although the absorption and dispersion part of the signal can be disentangled due to the Kramers-Kronig relation3, most NMR measurements are done in powdered samples or very thin foils, where the observed signal cor responds, to the absorption part.
However, there is considerable interest in the study of bulk metallic specimens, like thick foils and single crystals, when anisotropies and lattice distortiones are important4-9. We have shown re cently 10' n , that the amplitude and phase of the Bloch decay in a metallic sample depends strongly on the relative sample size with respect to the skin depth. -From this it follows, that proper phase setting of the reference phase of the pulse spectrometer, as given by the values cp of Refs.10' 11 leads to a Bloch decay, whoose Fourier transformation results in a true absorption signal.
We wish to elaborate in this paper on the in fluence of the skin effect on the amplitude and phase of the spin echo signal, produced by a ß10 -t -ß20 (a) pulse sequence, where ß10, ß20 are the rotation angles of the two rf pulses at the surface of the sample and a is their phase difference.
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Due to the skin effect, the Ht-field during rf ir radiation is attenuated and phase shifted gradually, when penetrating into the sample. In the case of a metallic plate of thickness d, the H±-field parallel to the surface, can be expressed as 11 
where J-[p represents the Hamiltonian due to the rf pulse and where the interaction may be represented by a quadrupolar part and an inhomogeneous line broadening as follows 12 In evaluating the echo signal at t = 2 r with t T2, where r is the spacing of the two applied rf pulses, we follow here the same procedures as outlined in Refs.12' 13 with the modifications due the skin effect. Assuming the rf field always strong compared with the other nuclear interactions we may express the spin density matrix at times £ 2 r using the (5-pulse approximation as
where
and where o(0) may be expressed as o(0) = C I Z ll. Equation (9) leads for the first pulse ( k = l ) , where the rf field is assumed to be applied in the y-direction to Rßl = e x p { -i& Iz} exp{iß x / y}exp{i <t> L ) (10) whereas for the second pulse (k = 2) a phase shift a of the rf field with respect to the first pulse is as sumed Rßt = exp{ -i a / ?}exp{ -i Iz} exp{i ß2 7y}
• exp{i 0 Iz} exp{i a Iz} (11) where
Thus ß10 and ß20 are the rotation angles of the spins at the surface. The expectation values of /+ at times t 2 t for the different spins at the location s in the sample can now be expressed, using ( / +> = T r { e ( « -2 r ) / +} (13) and following the same lines as in R ef.13 as:
where the rotation matrices dm,miß) = ( m \ e x p { -i ß l u} jm ') (
and their symmetry relations have been used 14.
The rf magnetization proportional to (/+ ) at the locations of the spin, is again attenuated and phase shifted on its way to the surface in the same fashion as described by Equation (1) . Thus the voltage induced in the probe coil by the magnetiza tion, coming from the spins at location s is propor tional to (7+ (f -2 r ) ) = K(s) ( I +(t~ 2 t ) > . (16) Introducing the echo signal E +(t -2 r) which is normalized to the total magnetization (Iz) E +( t -2 r ) = -C l +( t -2 r ) ) / ( I z)
belonging to nuclei with the same set of (a, b, 5) values, the observed echo signal of the whole sample E + (t -2 r) = f ds J da J d bE + ( t -2 r )gQ(a)gD (6) . and y-direction can be calculated, using: Note, that the values are independent of spin 7.
the given initial condition $oPt) and aopt, in Fig. 3 the different contributions of the main transition (Em) and the satellite transitions (Es) to the total echo signal are plotted versus ß20 . Notice that an angle ß^o ) can be defined, where a maximum echo signal is obtained in the ^-direction, whereas the signal in the ^/-direction vanishes. The effect of the relative sample size c on the echo amplitudes is demonstrated in Fig. 4 in the case of spin 7 = 5/2 only. If c ^ 0,5 the same be havior as obtained in ionic crystals 13 is approached. In this case Ey vanishes. Figure 5 shows the dependence of the different contributions Em and Eq to the echo signal versus ß20 for a spin 7 = 3/2, according to the theory, derived above, for different sample size c. The experimental points plotted in A line shape analysis of the quadru polar part of the echo due to these point defects will be described in a different paper 15. Since the above theory is valid only for r T2, the echo amplitudes are determined for various t values and extrapolated to r = 0.
90°
180° 270° rotation angle P20 --- with 3,2 at % Sn. The measurements were per formed at 16.058 MHz, (skin depth of the doped material: 21 t u) using a Bruker pulse spectrometer There is considerable agreement between theory and experiment up to /?20 = 180°. For larger ß2Q values, errors due to H1 field inhomogeneity, re ceiver blocking time and the invalidity of the < 3 pulse approximation affect the echo amplitude.
It can be summerized, that maximum echo signal is obtained for #°oPt) = 124°; aopt = 28°i n the case of bulk material (c^* 1) independent of spin I. The value of /?loPt)» however, depends on I as shown in Table 1 . Since Ey vanishes for ß2Q = ß [ T } as shown above, it is convenient for practi cal purposes to normalize Ex(t), so that 
